Mathematical Background of Key Performance Indicators for Organizational Structures in Construction and Real Estate Management  by Zimmermann, Josef & Eber, Wolfgang
 Procedia Engineering  85 ( 2014 )  571 – 580 
Available online at www.sciencedirect.com
1877-7058 © 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Diamond Congress Kft.
doi: 10.1016/j.proeng.2014.10.585 
ScienceDirect
&UHDWLYH&RQVWUXFWLRQ&RQIHUHQFH&&
0DWKHPDWLFDOEDFNJURXQGRINH\SHUIRUPDQFHLQGLFDWRUVIRU
RUJDQL]DWLRQDOVWUXFWXUHVLQFRQVWUXFWLRQDQGUHDOHVWDWHPDQDJHPHQW
-RVHI=LPPHUPDQQD:ROIJDQJ(EHUE
aTechnische Universität München, Arcisstrasse 21,80333 München, Germany 
bTechnische Universität München, Arcisstrasse 21,80333 München, Germany  
$EVWUDFW
&RQVWUXFWLRQSURMHFWVDVZHOODVFRPSUHKHQVLYHSURMHFWVRI5HDO(VWDWH'HYHORSPHQWDUHHYROYLQJPRUHDQGPRUHDVDPDWWHURI
FRPSOH[ LQWHUDFWLQJ QHWZRUNV GULYHQ E\PHDQV RI FRRUGLQDWLRQ DQGPRWLYDWLRQ 3URIRXQG DQDO\VLV RI QHWZRUNV LV GRQH VLQFH
VHYHUDO\HDUVZLWKUHPDUNDEOHVXFFHVVLQSDUWLFXODUE\VRFLRORJLVWV%\PRGHOOLQJVRFLDOQHWZRUNVWKURXJKPHWKRGVSURYLGHGE\
/LQHDU$OJHEUDDQGPDWUL[FDOFXODWLRQVRPHLQWHUHVWLQJJHQHUDOSDUDPHWHUVFDQEHIRUPXODWHGZKLFKFKDUDFWHUL]HWKHQHWZRUNV
VROHO\EDVHGRQLWVVWUXFWXUH6RFLDOQHWZRUNVDUHGHYHORSLQJRQWKHEDFNJURXQGRISHUVRQDOLWLHVDQGWKHLULQWHUDFWLRQVSHFLILHGE\
VRFLRORJ\LQJHQHUDODQGLQSDUWLFXODUE\DVXEVHWRILQWHUDFWLRQPHDQVJLYHQE\HJVRIWZDUHUHVWULFWLRQVRQUHVSHFWLYHSODWIRUPV
6XFK SURFHGXUHV WXUQ RXW WR EH GLUHFWO\ DSSOLFDEOH WR QHWZRUNV IRUPHG E\ SDUWLFLSDQWV LQ FRQVWUXFWLRQ SURMHFWV OLNH WUDGHV
VXEFRQWUDFWRUV ZRUNHUV GHSDUWPHQWV KLHUDUFKLFDO JURXSV DQG RWKHU LQYROYHG SDUWLHV 7KH JHQHUDOL]HG SHUVRQDOLWLHV DUH DOVR
GHILQHG E\ WKHLU WDVNV DQG WKHLU DFFRUGLQJ LQWHUHVWV DQGPRWLYDWLRQZKHUH WKH LQWHUDFWLRQ LV JLYHQ E\ OHJDO GHSHQGHQFLHV DQG
FRQWUDFWV1RWPXFKGLYHUVH IURP WKLV VLWXDWLRQDUH WKHPDUNHWV LQ UHDO HVWDWHGHYHORSPHQWZKHUHSOD\HUVDQG UXOHV DUHJLYHQ
DFFRUGLQJO\,QWKLVUHVHDUFKZHSURSRVHWRGHILQHQHWZRUNSDUDPHWHUVIRUSURMHFWLQWHUDFWLRQVWUXFWXUHVLQFRQVWUXFWLRQDVZHOODV
LQGHYHORSPHQWVLWXDWLRQVEDVHGRQ/LQHDU$OJHEUDDQGDQDO\]H WKHVHIRU WKHDSULRULHODERUDWLRQRIZHOOVXSSRUWHG LQWHUDFWLRQ
VFKHPHV)XUWKHUPRUHDOUHDG\H[LVWLQJSDUDPHWHUVDUHWREHLGHQWLILHGDQGPDSSHGRQWKLVSDUDOOHOZRUOGLQRUGHUWRLPSURYHWKH
XQGHUVWDQGLQJDQGWKXVWKHGHILQLWLRQRIDQRUJDQL]DWLRQSODQDVDQLQHYLWDEO\UHTXLUHGSUHFRQGLWLRQIRUZHOOSUHSDUHGSURMHFWV
7KH$XWKRUV3XEOLVKHGE\(OVHYLHU/WG
3HHUUHYLHZXQGHUUHVSRQVLELOLW\RIWKH'LDPRQG&RQJUHVV.IW
Keywords:&RQVWUXFWLRQ0DQDJHPHQW.H\3HUIRUPDQFH,QGLFDWRUV2UJDQL]DWLRQDO6WUXFWXUHV3URMHFW0DQDJHPHQW3URMHFW'HOLYHU\6\VWHPV


&RUUHVSRQGLQJDXWKRU7HOID[
E-mail address:HE#EYWXPGH
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Diamond Congress Kft.
572   Josef Zimmermann and Wolfgang Eber /  Procedia Engineering  85 ( 2014 )  571 – 580 
,QWURGXFWLRQ
5HFHQWSURJUHVV LQ3URMHFW0DQDJHPHQW UHYHDOV WKDWSURMHFWVDUHEHFRPLQJPRUHDQGPRUH ODUJHDQGFRPSOH[
,QFUHDVLQJPDJQLWXGHOHDGVWRWKHLQHYLWDEOHIDFWWKDWWKH\FDQQRPRUHEHKHOGDQGRYHUVHHQE\RQHKDQG$VWKH\
WHQGWRGHYHORSFRPSOH[LW\ZKLFKLVDKLJKGHJUHHRILQWHUDFWLRQEHWZHHQWKHQXPHURXVDVSHFWVVRPHERG\RUVRPH
XQLWLVUHTXLUHGWRKDQGOHWKHZKROHV\VWHPDQGEHKHOGUHVSRQVLEOH<HWKLJKFRPSOH[LW\DOVRLQFOXGHVKLJKVSHFLILW\
RI WKHVLQJXODUDVSHFWVDVZHOODVRI WKH WDVNRIFRRUGLQDWLQJ WKHVHDQG WKXV LPSOLHV WKHQHHGRIDYDULHW\RIYHU\
VSHFLDOL]HG NQRZOHGJH ZKLFK LV XVXDOO\ QRW FRPPRQO\ DYDLODEOH )XUWKHUPRUH DV SURMHFWV DUH GHILQHG DV EHLQJ
XQLTXH DQGQRQUHFXUULQJKLJK VNLOOVRI H[HFXWLRQ DUHSUHFRQGLWLRQ WR VXFFHVV LQRUGHU WRGR WKLQJV ULJKW IURP WKH
EHJLQQLQJEHFDXVHWKHUHLVQRSRVVLELOLW\WRUHGRWKHPZLWKRXWFRQVLGHUDEOHFRQVHTXHQFHV

7KHFODVVLFDOVROXWLRQWRWKLVVLWXDWLRQLVGLYLVLRQRIZRUN>@DZDUGLQJVXEWDVNVWRUHVSHFWLYHVSHFLDOLVWV7KLV
VROYHVWKHGHPDQGIRUVNLOOVEXWLQGXFHVWKHQHZUHTXLUHPHQWRIPRWLYDWLRQDQGFRRUGLQDWLRQ6HFRQGSDUWLHVQHHGWR
EHHQFRXUDJHG WRVKDUH WKHSULPDU\JRDO WRZDQW WRGR WKHLUEHVWDQG WRFRRSHUDWHRQWKHFRVWRI UHGXFHGRYHUDOO
SURILW 3ULQFLSDO $JHQW 3UREOHP 6HFRQGO\ DV WKHPDLQ WDVN EHFRPHV GLYLGHG LQWR SLHFHV LQWHUIDFHV QHHG WR EH
GHILQHG DQG LQIRUPDWLRQ WR EH WUDQVIHUUHG WR JLYH WKH H[HFXWLYH XQLWV WKH EHVW SRVVLEOH PHDQV WR FDUU\ RXW WKH
UHVSHFWLYHVHJPHQWVWLOOILWWLQJLQWRWKHRYHUDOOFRQWH[W7KLVLVFRPPRQO\VXPPDUL]HGDVH[SHQVHRIFRRUGLQDWLRQ
7KHUHZLWK FRPSOH[ VWURQJO\ LQWHUDFWLQJ SURMHFWV DUH PDSSHG RQ QHWZRUNV RI SULPDULO\ LQGHSHQGHQW SOD\HUV
ZKLFKDUHFRQQHFWHGE\FRQWUDFWVGHWHUPLQLQJDVSHFWVRIPRWLYDWLRQ±UHPXQHUDWLRQDQGRWKHULQFHQWLYHV±DVZHOODV
FRRUGLQDWLRQ±LQIRUPDWLRQGHVLJQDQGSODQV

2Q WKLV EDFNJURXQG HIILFLHQWO\ DQG VXFFHVVIXOO\ FRPSOHWLQJ D SURMHFW FRPHV GRZQ WR EH D PDWWHU RI ULVN
PDQDJHPHQW >@>@ 7UDGLWLRQDOO\ SURMHFWV DUH VXEMHFW WR ULVN\ LVVXHV LQ WHUPV RI FLUFXPVWDQFHV DQG YDULDEOHV
ZKLFKFDQQRWEHSUHGLFWHGDEVROXWHO\DQG WKHUHIRUHQHHG WREHGHDOWZLWKE\XQGHUVWDQGLQJSUREDELOLWLHVSRVVLEOH
KD]DUGDQGWKHLPSOHPHQWDWLRQRIDSSURSULDWHFRQWUROPHFKDQLVPV&RQGXFWLQJPRUHFRPSOH[SURMHFWVWKXVH[WHQGV
VXFK DSSURDFKHV WR D YLHZ RQ WKH XQFHUWDLQWLHV RI WKH QHWZRUN VWUXFWXUH LWVHOI DQG WKH FRQQHFWLQJ WLHV 7KH
FRQQHFWLRQV DUH IRUPHG E\ FRQWUDFWV DQG WKHUHZLWK VXIIHU SULQFLSDOO\ IURP LQFRPSOHWHQHVV /DFN RI SHUIHFWQHVV
UDQJHVIURPWKHGHVFULSWLRQRIWDVNVSURSHUWLHVDQGUHTXLUHGUHVXOWVLQTXDOLW\WLPHDQGFRQVXPSWLRQRIUHVRXUFHVWR
WKHXQFHUWDLQW\RIWKHHIILFLHQF\RIWKHLPSOHPHQWHGLQFHQWLYHV

7KLVUDLVHVWKHTXHVWLRQRIWKHUROHRIWKHQHWZRUNLWVHOIDQGRIZKHWKHUVWDELOLW\FDQEHREWDLQHGE\FRQVWUXFWLQJ
VHFXUHDQGIOH[LEOHSUREDEO\VHOIUHSDLULQJRUDWOHDVWIDLOXUHWROHUDQWQHWZRUNVWUXFWXUHVHQVXULQJDSRVLWLYHUHVXOW
1HWZRUNV
2.1. Networks in Construction and Real Estate Management 
1HWZRUN VWUXFWXUHV LQ FRQGXFWLQJ SURMHFWV LQ &RQVWUXFWLRQ RU LQ 5HDO (VWDWH 0DQDJHPHQW PRVWO\ FRPSULVH
GLIIHUHQW LQWHUDFWLRQFODVVHVDQGFRQWHQWVDW WKH VDPH WLPHDQG WKXV IRUPD VHWRIPXOWLSOH LQWHUOHDYLQJVWUXFWXUHV
(J HOHPHQWV ZRXOG SRVVLEO\ EH VLQJOH SHUVRQV RU JURXSV RI SHUVRQV GHSDUWPHQWV FRPSDQLHV DXWKRULWLHV DQG
DGPLQLVWUDWLRQV )DLUO\ GLIIHUHQW HOHPHQWV ZRXOG EH JLYHQ E\ DFWLYLWLHV ZRUN SDFNDJHV DQG WDVNV ZKLFK ZRXOG
SURGXFH UHVXOWV EXW UHTXLUH SUHSURGXFWV DQG UHVRXUFHV SRVVLEO\ VKDULQJ WKHP )LQDOO\ HOHPHQWV PLJKW EH WKH
PHQWLRQHGSURGXFWV SUHSURGXFWV UHVRXUFHV DQG LQIRUPDWLRQZKLFK DUH SUHSDUHG DQGGHYHORSHGE\ DFWLYLWLHV$V
QXPHURXV LQ W\SH DQG FKDUDFWHU WKH HOHPHQWV DUH DV PXOWLSOH DUH WKHLU SRVVLEOH LQWHUDFWLRQV ZKLFK QHHG WR EH
PRGHOHG

7KXVFRQGXFWLQJODUJHSURMHFWVDQGVXFFHVVIXOO\FRPSOHWLQJWKHPLVILUVWRIDOOVROLGO\EDVHGRQWKHDVVXPSWLRQRI
VSHFLDOLVWVDQGPHWKRGVFDSDEOH WRIXOILOO WKHUHTXLUHPHQWVRIWKHVLQJOH WDVNV(YLGHQWO\ WKLV LV WUXHDVDOOVPDOOHU
SURMHFWVDUHEDVHGRQWKLV8QGHUWKLVSUHFRQGLWLRQODUJHSURMHFWVIRFXVRQWKHVLQJXODUFKDOOHQJHWRILQGDQGFRPELQH
WKHP E\ FRRUGLQDWLRQ DQGPRWLYDWLRQ DQGPDNH WKHP DFFRPSOLVK WKH WDVN DQG IXUWKHUPRUH IRUP WKH QHWZRUN WR
HQFRXUDJHRUIRUFHWKHPWRGRVRVXFFHVVIXOO\DQGHIILFLHQWO\
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7KLV LPSOLHV WKH FDUHIXO DQDO\VLV RI HDFK VLQJXODU HOHPHQW DQG WKH ORFDO LQWHUDFWLRQZLWK LWV GLUHFW QHLJKERUV
6HFRQGO\WKHQHWZRUNLWVHOIQHHGVWREHDQDO\]HGUHVSHFWLYHO\GHVLJQHGDQGIRUPHGSURYLGLQJWKHRYHUDOOSDUWLDODQG
WRWDOGHYHORSPHQWVDQGUHVXOWVDVHPHUJHQWYDOXHV7KLV LV WRPDNH WKH ORFDOHOHPHQWVZRUNQRWRQO\ WDUJHWHGEXW
HIILFLHQWO\DQGVDIHO\2QWKLVEDFNJURXQGWKHQHWZRUNQHHGVILQDOO\WREHRSWLPL]HGDFFRUGLQJWR0DOLNDQG:LHQHU
>@>@>@ZKLFKFDQRQO\EHDFFRPSOLVKHGE\FRQWUROOLQJDQGVWHHULQJWKHIORZRILQIRUPDWLRQLHE\GHVLJQLQJ
WKHFRQWUDFWVWKDWIRUPWKHQHWZRUN

7UDGLWLRQDOO\UHOHYDQWQHWZRUNVDUHLQDILUVWDSSURDFKEXLOWE\WKHXVHRIWKHFODVVLFDOZRUNEUHDNGRZQVWUXFWXUHV
HJ >@>@>@>@ 7KH SURMHFW WDVN LV EURNHQ GRZQ DORQJ D JUDSK WKHRUHWLFDO WUHHVWUXFWXUH ILQDOO\ WR ZRUN
SDFNDJHV 6LQFH D WUHHVWUXFWXUH FDQ RQO\ IROORZ RQH VLQJXODU FKDUDFWHULVWLF :%6 DUH FRQVWUXFWHG YHUWLFDOO\
GLVWULEXWLQJDQGDVVLJQLQJUHVSRQVLELOLW\7KXVHOHPHQWVDUHWDVNVDQGVXEWDVNVRIWHQFRUUHODWHGZLWKSURGXFWVDQG
VXESURGXFWVFUHDWHGZLWKLQWKHWDVNVDQGFRQVXPHGUHVRXUFHV)LQDOO\ZRUNSDFNDJHVDUHOHDGLQJWRDFWLYLWLHVDVWKH
ORZHVWOHYHORIWKHWUHH&RUUHVSRQGLQJWRWKHH[FOXVLYHO\YHUWLFDOWUHHVWUXFWXUHDOOKRUL]RQWDOLQWHUDFWLYLW\LVVRIDU
QHJOHFWHGIRUWKHSXUSRVHRIXQDPELJXLW\)XUWKHULQWHUUHODWLRQVDUHRQO\LQWURGXFHGDWWKHYHU\ERWWRPOHYHORIWKH
DFWLYLWLHVZKHUHFODVVLFDOQHWZRUNVVWUXFWXUHVDOORZIRUWLPHDQGUHVRXUFHUHODWHGLQWHUDFWLRQV7KHVHDUHDFFRUGLQJWR
WKHRU\RIJUDSKVRQO\UHVWULFWHGWRWKHH[LVWHQFHRIDVWDUWLQJQRGHDQHQGLQJQRGHDQGPRVWRIDOOWREHLQJORRSOHVV
ZKLFK LV D YHU\ DUWLILFLDO UHTXLUHPHQW QHYHU PDWFKLQJ UHDOLW\ 1HYHUWKHOHVV WKH UHVWULFWLYH QHWZRUN RI VWURQJ
SUHFRQGLWLRQVDQGSRVWFRQGLWLRQVRISURGXFWLRQDFWLYLWLHVFDQEHPRGHOHGRQO\KHUH
2.2. Social Networks 
7KH VRFLDO DQG EHKDYLRUDO VFLHQFH KDV VKRZQ FRQVLGHUDEOH LQWHUHVW LQ LQYHVWLJDWLQJ QHWZRUNV GXULQJ WKH ODVW
GHFDGHVHJ>@,QUHFHQWWLPHVDQHZW\SHRIKXJHVRFLDOQHWZRUNVKDVFRPHXSDVDIDLUO\QHZSKHQRPHQRQDQG
KDV EHHQ VWXGLHG ZLGHO\ 7KHVH DUH LPSOHPHQWHG RQ FRPSXWHU QHWZRUNV IRU HDV\ DFFHVV DQG PRGHO VRFLDO
LQWHUDFWLRQV RI SDUWLFLSDQWV EDVHG RQ WKHLU IUHH GHFLVLRQV WR VKDUH SHUVRQDO LQIRUPDWLRQ DQG LQWHUHVW 7KHUHZLWK
VWUXFWXUHVDUHIRUPHGZKLFKDUHVXEMHFWWRQRSUHGHILQHGJUDSKWKHRUHWLFDOUXOHVEXWRQSXUHO\REMHFWUHODWHGVKRUW
SDWK FRPPXQLFDWLRQ 7KH\ DUH QRW SXUSRVHIXOO\PRGHOOHG IURP RXWVLGH \HWPRGHO WKHPVHOYHVZLWK UHVSHFW WR D
JHQHUDOSXUSRVHRIIRUPLQJFRPPXQLWLHVZLWKLQKLJKHURUGHUFRPPXQLWLHVDQGWKXVVHUYLQJDKLJKHUXQVSRNHQJRDO
GULYHQE\ORFDOPRWLYDWLRQ6RWRVD\VWUXFWXUHVDUHIRUPHGWRSHUIRUPVRPHVRUWRIDFRPPRQWDVNWKXVFUHDWLQJ
DQGRSWLPL]LQJLWVHOISUREDEO\DOVRWHUPLQDWLQJLWVHOILIQRORQJHUPDWFKLQJRUMXVWORVLQJWKHFRPPRQVLQWHUHVW7KH
VRIWZDUHEHKLQGVRFLDOQHWZRUNVRQO\SURYLGHVWKHPHDQVRILQWHUDFWLRQLHWKHGHILQLWLRQRIGHSHQGHQFHDQGDOORZV
WKHSDUWLFLSDQWVWRIRUPWKHQHWZRUNDSSURSULDWHO\

7KHFRQVWUXFWLRQDO FRXQWHUSDUW WR WKLV LV WKH LQVWDOODWLRQRISURMHFWSODWIRUPVRIIHULQJ WRFRQGXFW ODUJHSURMHFWV
ZKHUH D QXPEHU RI SDUWLFLSDQWV VKDUH D JRDO DQG DOO WKH LQWHUIDFLQJ LQIRUPDWLRQ 7KHVH DUH ZHOO HVWDEOLVKHG LQ
&RQVWUXFWLRQDQG5HDO(VWDWHSURMHFWV,QFRQWUDVWWRSXUHO\VRFLDOQHWZRUNVWKHSURMHFWPDQDJHUVWU\WRKDQGOHWKH
LQWHUDFWLRQRQVXFKSODWIRUPYHU\UHVWULFWLYHO\DQGFKDQQHOWKHUHTXLUHGLQIRUPDWLRQDQGFRPPXQLFDWLRQDORQJZHOO
GHILQHG QHWZRUNV SDWKV LQ RUGHU WR NHHS WKH VWUXFWXUH HIILFLHQW DQG WDUJHWHG 7\SLFDO DSSOLFDWLRQV DUH JLYHQ E\
PRGHOLQJEXVLQHVVSURFHVVHVYHU\DFFXUDWHO\LQRUGHUWRIRUFHSDUWLFLSDQWVWRIROORZSUHGHILQHGVWUXFWXUHVZKLFKDUH
SRVVLEO\RSWLPL]HGLQVRPHFDVHVOHVV<HWDJDLQRQO\WKHPHDQVRIFRPPXQLFDWLRQDUHSURYLGHGWKHPRWLYDWLRQWR
VKDUH WKHJRDO LVGHWHUPLQHGE\ WKHXQGHUO\LQJFRQWUDFWV7KHUHIRUHGHVLJQLQJVWUXFWXUHV LVPHUHO\DPDWWHURI WR
ZKLFKH[WHQWKLHUDUFKLFDOYHUWLFDOVWUXFWXUHVZHUHWREHUHSODFHGE\KRUL]RQWDOVHOIRUJDQL]LQJVWUXFWXUHV

2Q DQ\ DFFRXQW DV GLYLVLRQ RI ZRUN OHDGV WR FRRUGLQDWLRQ DQGPRWLYDWLRQ GHPDQGV WKH\ DUHPRGHOHG E\ WKH
GHILQLWLRQRILQWHUDFWLRQZKLFKLVFRPSDUDEOHWRWKHHIILFLHQF\DXWRPDWLVPVIRXQGLQVRFLDOQHWZRUNV7KLVUDLVHVWKH
TXHVWLRQ RI KRZ WR GHILQH VSHFLILF PHDQV DQG GHJUHH RI LQWHUDFWLRQ WR PDNH D QHWZRUN IXQFWLRQ DQG OHDG WR D
SUHGHILQHG UHVXOW )XUWKHUPRUHPHDVXUHPHQW SDUDPHWHUV QHHG WREH IRXQG WR MXGJH WKH HIILFLHQF\ DQG VDIHW\RI D
SUHGHILQHGRUWRVRPHGHJUHHVHOIGHYHORSLQJQHWZRUN7KHUHIRUHDWKRURXJKDQDO\VLVRIWKHQHWZRUNNH\SDUDPHWHUV
LVH[SHFWHGWRUHYHDOW\SLFDOFKDUDFWHULVWLFVRISURMHFWVWUXFWXUHVDVZHOODVRIVRFLDOQHWZRUNV
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0DWUL[FDOFXOXV
3.1. Cross-Impact Approach 
2SHUDELOLW\ DQG SUHGLFWDELOLW\ RI QHWZRUNV KDV EHHQ HODERUDWHG XQGHU WKH QRWLILFDWLRQ RI WKH &URVV,PSDFW
DSSURDFK>@>@DQGWRVRPHH[WHQWXVHGDQGPRGLILHGDVWKH6HQVLWLYLW\0RGHOO>@%DVLFDOO\WKHLPSDFWRID
QXPEHU RI DVSHFWV RU YDULDEOHV HTXDWLQJ QHWZRUN QRGHV RU SDUWLFLSDQWV RQ HDFK RWKHU LV GHQRWHG DV SUREDELOLW\
HVWLPDWLRQ>@ODWHULQDPRUHTXDOLWDWLYHYLHZDVVWUHQJWKUDQJLQJIURPWRQRQHWRVWURQJLPSDFWDQGOLVWHG
RQDVTXDUHPDWUL[ZKHUHHDFKSDUWLFLSDQWLVDVVLJQHGDURZDVZHOODVDFROXPQ7KHKRUL]RQWDOVXPRIHOHPHQWVIRU
HDFKURZLVQDPHGWKHDFWLYHVXP AS DQGUHSUHVHQWVWKHDFWLYLW\UROHRIDSDUWLFLSDQWLQGLFDWLQJRIKRZDFWLYHO\LWV
LQIOXHQFHRQDOORWKHUQHWZRUNPHPEHUVZRXOGEH6LPXOWDQHRXVO\WKHYHUWLFDOVXPWKURXJKRXWDFROXPQ\LHOGVWKH
SDVVLYHVXP PS LQGLFDWLQJWKHGHJUHHRIUHDFWLYLW\RIWKHUHVSHFWLYHPHPEHUWRDOORWKHUSOD\HUV7KHFRPELQDWLRQ
RIWKHVHWZRYDOXHVDOORZVFKDUDFWHUL]LQJWKHFULWLFDOLW\ P AS PS= ⋅ RIDQRGH,IDFWLYHVXPDQGSDVVLYHVXPERWKDUH
ODUJH VPDOO PRGLILFDWLRQV ZRXOG OHDG WR VLJQLILFDQW SRVLWLYH IHHGEDFN HIIHFWV ZKLFK OLNHO\ GHVWDELOL]H D FORVHO\
FRXSOHGV\VWHP2QWKHRWKHUKDQGERWKSDUDPHWHUVEHLQJORZVWDQGIRUSDUWLFLSDQWVUHDG\WRVWDELOL]HDV\VWHPE\
GDPSLQJPRGLILFDWLRQV7KHUDWLR Q AS PS= GHQRWHVWKHSDUDPHWHURIFRQWUROUDQJLQJIURPDFWLYHO\LQFRQWURORIWKH
V\VWHPLIKLJKWRUHDFWLYHRQWKHORZVLGHLIVWURQJO\UHVSRQGLQJWRPRGLILFDWLRQV
7KLVYHU\SODLQOLQHDUPRGHOPLUURUVLQQRZD\PRUHFRPSOH[VWUXFWXUHVEXWPD\VHUYHDVDIDLUO\ZHOOHVWDEOLVKHG
VWDUWLQJSRLQWLQDQDO\VLVDQGGHVLJQRIVWURQJVWUXFWXUHV
3.2. Adjacency Matrix 
7KHFRPPRQDSSURDFKVWDUWVZLWKPRGHOOLQJDOOSDUWLFLSDQWVRQDQHWZRUNDVQRGHVRQDJUDSKVRFLRJUDPDQG
DOOLQWHUDFWLRQVDVHGJHV>@,QRUGHUWRDFFHVVJUDSKVE\PDWKHPDWLFDOPHDQVWKH\QHHGWREHGHQRWHGDVPDWULFHV
VRFLRPDWUL[ ,Q DQ XQZHLJKWHG DGMDFHQF\ PDWUL[ A HDFK QRGH LV UHSUHVHQWHG E\ D URZ DV ZHOO DV D FROXPQ D
FRQQHFWLQJ HGJH LQGHSHQGHQW RI GLUHFWLRQ RUZHLJKW LV GHQRWHG DV D  DW WKH FURVVLQJ SRVLWLRQ ,I WKH VWUHQJWK RI
LQWHUDFWLRQ QHHGV WR EH DQDO\]HG WKLV XQLW YDOXH LV UHSODFHG E\ WKH SUHIHUDEO\ QRUPDOL]HG ZHLJKW RI D GLUHFWHG
LQWHUDFWLRQ wi j DQGOHDGVWRWKHZHLJKWHGDGMDFHQF\PDWUL[ Aw 7KHQWKHPHQWLRQHGFKDUDFWHULVWLFYDOXHVGHILQLQJ
WKHUROHRIDSOD\HUDUHHDVLO\REWDLQHGDV
T A PSw⋅ = DQG ( ) TA ASw ⋅ = 
7KHVHILQGLQJVFRUUHVSRQGYHU\ZHOOWRZHOONQRZQVWUXFWXUDOSDUDPHWHUVRIVRFLDODQGRWKHUQHWZRUNVDQGDOORZ
H[WHQGLQJWKHP

• )RUXQZHLJKWHGDGMDFHQF\PDWULFHVWKHYHFWRU$6HTXDOV36DQG\LHOGVWKHSDUWLFXODUUROH GHJUHHDV
FRPSRQHQWV2WKHUZLVHDSSURSULDWHZHLJKWHGLQGHJUHHVDQGRXWGHJUHHVDUHGHILQHGDFFRUGLQJO\DQGUHSUHVHQW
WKHORFDOLPSDFWRQPHPEHUVRIWKHQHWZRUNRUWKHLQIOXHQFHDPHPEHUKDVRQLWVDGMDFHQWQHLJKERUV
• 7KHDYHUDJHDFWLYHVXPH[DFWO\PLUURUVWKHLPSDFWSDUDPHWHUς RIDQHWZRUNDFFRUGLQJWR=LPPHUPDQQ(EHU
>@ZLWKLQDFORVHGQHWZRUNξ ς= DOVRUHIOHFWLQJWKHSDUDPHWHURIFRQQHFWLYLW\  ν ξ ς= + 
( )  TA N AS ς νª º⋅ ⋅ = = =« »¬ ¼ 
• 7KHVDPHLVYDOLGIRUWKHDYHUDJHSDVVLYHVXPHTXDOWRWKHSDUDPHWHURILQIOXHQFHξ
( )  T A N PS ξ νª º⋅ ⋅ = = =¬ ¼ 
• 7KHGHQVLW\RIDGLUHFWHGJUDSKWKXVEHFRPHV   D K n n= − >@,QWURGXFLQJQRUPDOL]HGZHLJKWV wi j DQG
W wi j=¦ WKHZHLJKWHGGHQVLW\LV   D W n nw = − 

<HW WKLV OLQHDUXQGHUVWDQGLQJGRHVQRW WDNH LQWRDFFRXQW WKHUHSHWLWLYHQHVVRI LQWHUDFWLRQ LQDV\VWHPGXULQJ LWV
GHYHORSPHQWRUPRUHLPSRUWDQWO\LWVFRQYHUJHQWRUGLYHUJHQWEHKDYLRU7KHUHZLWKDQXPEHURISRVVLEO\ZHLJKWHG



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SDWKV WKURXJKDQHWZRUNDQGIURPWKLVFORVHGSDWK ORRSVDQGIHHGEDFNVRFFXUDQGJDLQ LPSRUWDQFH+RZHYHU WKH
DSSURDFKFDQHDVLO\EHH[WHQGHGWRKDQGOHPXOWLSOHLQWHUDFWLRQVE\PDNLQJXVHRIWKHSRZHURIDGMDFHQF\PDWULFHV
,H WKH VTXDUH RI ASURYLGHV WKH QXPEHU RI SDWKV ZLWK OHQJWK  IURP WKH VRXUFH QRGH WR WKH VLQN QRGH 0RUH
JHQHUDOO\DFFRUGLQJWR.DW]>@ZLWK ( )   k k kA AA A Ai j i r r ji j r− −= =¦ ZHREWDLQ
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m
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¦ DVWKHQXPEHURISDWKVZLWKOHQJWK<=mIURPQRGHiWRQRGHjDQG
•  

m
k
i i
k
A
=
¦ DVWKHQXPEHURIFORVHGORRSVZLWKOHQJWK<=mZKHUHQRGHiLVLQYROYHG

0DNLQJXVHRIWKLVZHREWDLQKLJKHURUGHUDFWLYHDQGSDVVLYHVXPVDVZHOODVDSDUDPHWHULQGLFDWLQJWKHGHJUHHRI
UHFXUVLYHQHVVRIWKHJUDSK7KH\FDQEHWUHDWHGHTXLYDOHQWO\WRASDQGPSGHWHUPLQLQJWKHUROHZKLFKDQDVSHFWRU
SDUWLFLSDQWSOD\VZLWKLQWKHV\VWHPEXWLQFOXGHWKHEHKDYLRURIWKHV\VWHPXSWRWKHmthVWHSRIWLPHGHYHORSPHQW
7KXVWUXHORQJWHUPUROHVFDQEHGHWHUPLQHGIURPKLJKHUSRZHUVRIA

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k
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=
=¦ WKHVXPRIZHLJKWHGORRSVZLWKOHQJWK<=mZKHUHiSDUWLFLSDWHV

5HPDUN 8QQRUPDOL]HG SDUDPHWHUVAS DQGPS WHQG WR EHFRPH YHU\ ODUJH DV LQIOXHQFH VKDUHV DUH FXPXODWHG
1HYHUWKHOHVVWKH\UHIOHFWWKHFRUUHFWYDOXHLIWKHZHLJKWLQJLVGHILQHGDSSURSULDWHO\1RUPDOL]DWLRQZRXOGWKHQKDYH
QRHIIHFWRQWKHDFWLYLW\QRIDYDULDEOHDVLWLVJLYHQE\AS/PSZKLOHFULWLFDOLW\PDVPS*ASUHPDLQVDUHODWLYHYDOXH

$QLQGLFDWRURIUHFXUVLYHQHVV±\HWQRWHTXDOEXWFRUUHODWLQJWRWKHGHILQLWLRQRI=LPPHUPDQQ(EHULQ>@FDQEH
GHULYHGIURPWKHWUDFH
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3.3. Excursion: Consideration of complexity  
)LQDOO\ WKH FODVVLFDO SDUDPHWHU RI FRPSOH[LW\ α FDQ EH REWDLQHG IURP WKH QXPEHU RI LQWHUDFWLRQV
K N N N PS N AS Nξ ς ν= = = = ⋅ = ⋅ DV
OQ   OQ  OQ  
OQ OQ N
K N
N N
ν
α ν
+ +
= = = + 

&RPSOH[LW\LVXQGHUVWRRGDVWKHORJDULWKPRIWKHDYHUDJHLQIOXHQFHRIDQRGH±LQFOXGLQJWKHXQLW\LQIOXHQFHRQ
LWVHOIWRWKHEDVHRIWKHQXPEHURIDYDLODEOHQRGHV$PRQJVWDYDVWPXOWLWXGHRIGHILQLWLRQVIRUFRPSOH[LW\WKLVRQH
LV EDVHG RQ WKH GHJUHH RI LQIRUPDWLRQ UHTXLUHG IRU FRQVWUXFWLQJ WKH QHWZRUN LQ DFFRUGDQFH ZLWK 6KDQQRQ >@
7KHUHZLWKZHREWDLQα DVWKHDYHUDJHLQIRUPDWLRQRIHYHU\QRGHLQFRQQHFWLRQWRDGMDFHQWQRGHVH[SUHVVHGLQWHUPV

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

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

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

576   Josef Zimmermann and Wolfgang Eber /  Procedia Engineering  85 ( 2014 )  571 – 580 
RIPD[LPXPDYDLODEOHFRQQHFWLRQV6XFKXQGHUVWDQGLQJLVFRPSDWLEOHZLWKWKHUHODWLYHHQWURS\RIDQRGH7KHWRWDO
DYHUDJHHQWURS\HRIDQRGHWXUQVRXWWREHWKHVDPH

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3.4. Long-term behavior and stability 
7KH RSHUDWLRQ RI LQWHUDFWLYLW\QHWZRUNV LV VWURQJO\ WLPHGHSHQGHQW <HW WKH HPHUJHQW UROH RI VLQJXODU QRGHV
UHVSHFWLYHO\ SDUWLFLSDQWV GXH WR WKH ORFDOO\ GHILQHG SURSHUWLHV RI HGJHV LV RQO\ GHWHUPLQHG REVHUYLQJ WKH VWDWH RI
HTXLOLEULXP$VLQIDFWQHWZRUNVDUHRSHUDWHGIDUDZD\IURPVXFKVWDWHWKHRXWFRPHPD\EHTXHVWLRQDEOHLQGHWDLO
EXWQHYHUWKHOHVVORQJWHUPHYDOXDWLRQVDUHH[SHFWHGWRSURYLGHXVHIXOLQGLFDWRUVFKDUDFWHUL]LQJVWDELOLW\7KHUHIRUH
WKHPHQWLRQHGGHJUHHmQHHGVWREHREVHUYHGWRLQILQLW\7REHJLQZLWKHYHU\DVSHFWSDUWLFLSDQWLVJLYHQDQDUELWUDU\
LQLWLDO ZHLJKW  W = YHFWRURIRQHV 7KHQ DSSO\LQJ $ RQ WKH ZHLJKW D QXPEHU RI WLPHV \LHOGV WKH UHVSHFWLYH
LQIOXHQFHRIDGMDFHQWQRGHVZLWKWKHLUDFWXDOZHLJKW3URFHHGLQJWRLQILQLW\LIFRQYHUJLQJWKHYHFWRURIZHLJKWV
ZLOO FKDQJHQRPRUH\LHOGLQJ WKH VWDEOH ILQDO UHODWLYHZHLJKWVRIQRGHV W Ai j
∞∞
= ⋅ 7KLV LV LQGHSHQGHQWRI WKH
LQLWLDOZHLJKWFKRLFHDQGRILQEHWZHHQQRUPDOL]LQJWKHUHVXOWLQJPDWUL[LQRUGHUWRNHHSWKHFDOFXODWLRQVZLWKLQWKH
QXPHULFDOO\DFFHVVLEOHUDQJH

7KLVSURFHGXUHLVLGHQWLFDOWRHYDOXDWLQJWKH(LJHQYHFWRUVV RIA:KHQVWDELOL]HGZHREWDLQ

( )   k knA A Aλ− −⋅ ⋅ = ⋅ ZKLFKLV n n nA V Vλ⋅ = ⋅ 

7KHQVn LVWKH(LJHQYHFWRUDQGWKHQRUPDOL]DWLRQ nλ LVWKHFRUUHVSRQGLQJPD[LPXPDQGGRPLQDQW(LJHQYDOXH

 n i jV W A
∞
∞
= = ⋅ 

$WWKHILUVWJODQFHEHLQJEHLQJMXVWDILQDOGLVWULEXWLRQRIZHLJKWVDIWHUVWDELOL]LQJWKH(LJHQYHFWRUWXUQVRXWWREH
DFODVVLFDOPHDQVWRPHDVXUHFHQWUDOLW\RIDQRGH&HQWUDOLW\RIDQRGHDQGUHVSHFWLYHO\&HQWUDOL]DWLRQRIDJUDSKDUH
IDLUO\LPSRUWDQWSDUDPHWHUVFKDUDFWHUL]LQJIXQFWLRQDOLW\RIVRFLDOQHWZRUNV+RZHYHUWHPSRUDOSURMHFWQHWZRUNVFDQ
EHPHDVXUHGDQGMXGJHGE\WKHVDPH:HOONQRZQFHQWUDOLW\SDUDPHWHUVDUHHJ>@>@>@>@>@>@

• 'HJUHH&HQWUDOLW\ZKHUHWKHQXPEHURI,Q2XW(GJHVPHDVXUHVWKHLPSRUWDQFHRIDQRGH>@.
• &ORVHQHVV&HQWUDOLW\LVJLYHQE\PHDVXULQJWKHDYHUDJHGLVWDQFHRIDQRGHWRHDFKRWKHUHJ>@
• %HWZHHQQHVV&HQWUDOLW\FRXQWVWKHQXPEHURIJHRGHVLFVEHWZHHQHDFKSDLURIQRGHVWKHFRQVLGHUHGQRGHVLWVRQ
DQGWKHUHIRUHFODLPVLQIOXHQFH>@

7KH%RQDFLFK3RZHU&HQWUDOLW\>@>@VWDWHVWKDWWKHSRZHURIDQRGHLVGHWHUPLQHGE\WKHDYHUDJHRIWKHSRZHUV
RI WKH DGMDFHQW QRGHVZKLFK LV LGHQWLFDO WR WKH (LJHQYHFWRU DOJRULWKP GHVFULEHG EHIRUH 7KH FRPSOHWH %RQDFLFK
DSSURDFKDGGLWLRQDOO\ LQFOXGHVDFRQWUROODEOHVRIW WUDQVLWLRQWR WKHGHJUHHFHQWUDOLW\ZKLFKLVRIQRIXUWKHU LQWHUHVW
KHUH7KH3DJH5DQN$OJRULWKP>@>@XVHGWRHYDOXDWHWKHSRZHURIDZHESDJHLVEDVHGRQDVLPLODUPHFKDQLVP

)URP WKH SRLQW RI YLHZ RI 7KHRU\ RI 6\VWHPV (LJHQYDOXHV KDYH D YHU\ VSHFLILF PHDQLQJ IRU WKH VWDELOLW\ RI
V\VWHPV>@>@ZKLFK LVRI LQWHUHVWZKHQGHVLJQLQJRSHUDWLYHO\ZRUNLQJQHWZRUNV ,Q WKH ORQJWHUPGHYHORSPHQW
HDFKQRGHLVSHUWLPHXQLWPRGLILHGE\DOLQHDUIXQFWLRQRIWKHDFWXDOVWDWHRIDOODGMDFHQWQRGHV7KHQWKHV\VWHPFDQ
EHH[SUHVVHGDVDVHWRIOLQHDUGLIIHUHQWLDOHTXDWLRQVHYHQWXDOO\VKLIWHGE\DQRIIVHWWRWKHVWDWLRQDU\VWDWHVRI

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
$Q\ZHLJKWHGDGMDFHQF\PDWUL[GHQRWHVWKHOLQHDULQIOXHQFHVRIDVWDWHJLYHQE\DVWDWHYHFWRU S RQWKHIXWXUH
VWDWHE\LWVPRGLILFDWLRQGXULQJRQHSURJUHVVLRQVWHS
S A S
t
∂
= ⋅
∂


6XFK V\VWHPV FDQ EH VROYHG LI $ LV GLDJRQL]DEOH 7KHQ WKH (LJHQYDOXHV iλ IRUP WKH YDOXHV RQ WKH GLDJRQDO
6ROXWLRQVZRXOGWKXVEHRIWKHW\SH
( )H[Si jS tλ¦  

+HQFHSRVVLEOHLQWHUSUHWDWLRQVIRUWKHUHVXOWLQJVHWRI(LJHQYDOXHVZRXOGEH

• $OO(LJHQYDOXHVEHLQJRIUHDOW\SHLPSOLHVQRSRVVLEOHRVFLOODWLRQV
• 5HDODQGQHJDWLYHWKHV\VWHPLVVWDELOL]LQJZKHUH jλ− LVWKHWLPHFRQVWDQW ( )H[S tRλ− 
• 5HDODQG]HURWKHV\VWHPZLOOEHWLPHLQGHSHQGHQWDQGVWDEOH ( )H[S  
• 5HDODQGSRVLWLYH(LJHQYDOXHVLQGLFDWHH[SRQHQWLDOJURZWK ( )H[S tRλ 
• &RPSOH[LPDJLQDU\SDUWZLOOVROYHWRSHULRGLFIOXFWXDWLRQVGDPSHGRUSRVVLEO\HVFDODWLQJDFFRUGLQJWR
( )( ) ( )H[S H[S  FRV VLQi t t t i tR I R I Iλ λ λ λ λ+ = − ZKHUHWKHIUHTXHQF\RIRVFLOODWLRQEHFRPHV  fI i iλ ω π= = 
• &RPSOH[ZLWKDQHJDWLYHUHDOSDUWWKHV\VWHPLVOLNHO\WRORRSDQGDSSURDFKDIL[HGSRLQW
• &RPSOH[ZLWKDSRVLWLYHUHDOSDUWWKHV\VWHPZLOORVFLOODWHDURXQGDIL[SRLQW

,QWKHFDVHRIDQDO\]LQJ&URVV,PSDFW0DWULFHVIRUQHWZRUNVPDSSLQJWKHLQWHUDFWLYLW\RISDUWLFLSDQWVLQDVRFLDO
RUWHPSRUDU\RUJDQL]DWLRQDOV\VWHPZHGHULYHWKHUHIRUH$VORQJDVWKHDGMDFHQF\PDWUL[LVXVHGDOOYDOXHVDUHRU
DQGALVV\PPHWULFDO,QYHVWLJDWLQJUHDO&URVV,PSDFW$GMDFHQF\0DWULFHVDUHZHLJKWHGE\SRVLWLYHVWUHQJWKYDOXHV
HJ [ ]  7KHQ DOO (LJHQYDOXHV DUH RI UHDO W\SH DQG WKH UHVSHFWLYH V\VWHPV DUH UDUHO\ VWDEOH  nλ < EXW
GHYHORSLQJ7KXVZHZLOOKDYHLQDQ\FDVHH[SRQHQWLDOJURZWKSUREDEO\GHFUHDVHDVZHOO7KHUHIRUHWKHRQO\SRLQW
RILQWHUHVWLVZKLFKLWHPZRXOGGRPLQDWHWKHJURZWKZKHUHDOORWKHUVDUHUHGXFHGE\FRQWLQXRXVQRUPDOL]DWLRQ>@
>@>@$FFRUGLQJWRWKH)UREHQLXV3HUURQ7KHRUHPDGRPLQDWLQJSRVLWLYH(LJHQYDOXHDQGDQDVVRFLDWHGSRVLWLYH
(LJHQYHFWRUFDQEHGHULYHGZKLFKGHWHUPLQHVWKHORQJWHUPEHKDYLRURIWKHV\VWHPDQGWKHUHZLWKPD\VHUYHVDVD
FKDUDFWHULVWLFSURSHUW\RIWKHQHWZRUN
3.5. Laplace Matrix 
7KH WUDQVLWLRQ IURP GRPLQDQW (LJHQYDOXHV WR VWULFWO\ GRPLQDQW (LJHQYDOXHV UHVWV RQ WKH FRQGLWLRQ RI
kA for a k +> ∈   ZKLFKLVHTXLYDOHQWWRWKHH[LVWHQFHRIDWOHDVWRQHVLQJXODUSDWKEHWZHHQDQ\WZRQRGHV7KLV
FRQGLWLRQ FRUUHVSRQGV WR WKH SURSHUW\ RI LUUHGXFLELOLW\ RI WKH JUDSK LH WKH JUDSK GRHV QRW GHFRPSRVH LQWR
FRPSRQHQWV7KHUHIRUHPHDQVWRPHDVXUHWKHGHJUHHRIGHFRPSRVLWLRQLHFRQQHFWLYLW\DUHUHTXLUHGDQGJLYHQE\
WKH/DSODFHPDWUL[ L D A= − 'LDJRQDOPDWUL[RIQRGHGHJUHHVDPLQXV DGMDFHQF\PDWUL[A LQ DFFRUGDQFH WRHJ
&KXQJ>@>@RU6SLHOPDQ>@:HDOZD\VREWDLQ λ = DVWKHVPDOOHVW(LJHQYDOXHVRI LVLQFHURZVVXPXSWR]HUR
DQGWKHUHIRUH LVWKH(LJHQYHFWRU  L⋅ = )XUWKHUPRUHWKHPXOWLSOLFLW\RIWKLV(LJHQYDOXH λ = UHYHDOVWKHQXPEHURI
FRPSRQHQWV D JUDSK GHFRPSRVHV LQWR >@>@>@>@>@>@ 7KLV FDQ EH FDOFXODWHG HDVLO\ E\ VROYLQJ WKH
FKDUDFWHULVWLFHTXDWLRQIRU L IRUURRWVDW λ = DQGHOLPLQDWLQJFRQVHFXWLYHO\URRWV λ = XQWLOQRPRUHDUHREWDLQHG
DWSRVLWLRQ]HUR7KHUHZLWKWKHQXPEHURIHOLPLQDWLRQVWHSVc\LHOGVWKHQXPEHURIFRQQHFWLYLW\FRPSRQHQWVRIWKH
QHWZRUN 6LQFH WKLV ZRUNV ZHOO RQ ZHLJKWHG JUDSKV WKH GHJUHH RI GHFRPSRVLWLRQ RI D QHWZRUN FDQ EH GLUHFWO\
REVHUYHGDQGXVHGDVDIXUWKHUNH\LQGLFDWRUIRUWKHGHYHORSPHQWRILQGHSHQGHQWVXEJUDSKV


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&RQFOXVLRQ
7KHPRVWHVVHQWLDOYLUWXHRIDQRUJDQL]DWLRQDOVWUXFWXUHLQSDUWLFXODUIRUQRQUHFXUULQJSURMHFWVZKHUHQRWHVWUXQV
DUH DYDLODEOH DUH LWV SUHGLFWDEOH VWDELOLW\ DQG LWV IXQFWLRQDOLW\ LQ WHUPV RI GHVLUHG VWDWHV ,W ZRXOG EH IRUPHG E\
SUHGHILQHG SDUWLFLSDQWV DQG WKHLU UHVSHFWLYH GHSHQGHQFLHV SDUWO\ JLYHQ E\ WKH VLWXDWLRQ HJ WHFKQLFDO RU OHJDO
GHSHQGHQFLHV SDUWO\ GHVLJQHG E\ WKH SURMHFW PDQDJLQJ DXWKRULWLHV YLD FRQWUDFWV DQG UXOHV HJ UHVSRQVLELOLW\
GHFLVLRQPDNLQJEHLQJUHSRUWHGWRHWF7KLVZRXOGHJDSSO\WR

• &RPPXQLFDWLRQZLWKLQVRFLDOQHWZRUNVDVZHOODVLQSDUWLFLSDQWVLQWHUDFWLRQLQFRQVWUXFWLRQSURMHFWV
• 7UDGLQJLQHFRQRP\LQWHUDFWLRQRISOD\HUVRQPDUNHWVDQDO\VLVRIORFDWLRQVDQGTXDUWHUV
• )ORZRI'HFLVLRQVDQG5HSRUWVIDLOXUHSURJUHVVLRQGLVWULEXWLRQRIULVNDQGXQFHUWDLQWLHVLQSURMHFWV
• &RRSHUDWLRQZLWKLQFRQVRUWLDHVWDNHKROGHUDQDO\VLVDQDO\VLVRILQIOXHQFHLQUHQWDOFRQWUDFWV

:H SURSRVH WKH XVH RI WKH SDUDPHWHUV       PS AS L∞ ∞ ∞ WR FKDUDFWHUL]H WKH VSHFLILF LPSDFWUROHV RI WKH
SDUWLFLSDQWVZLWKLQWKHRUJDQL]DWLRQ6XFKZRXOGDOORZDVVHVVLQJDSSUDLVLQJRUFRQVWUXFWLQJRUJDQL]DWLRQQHWZRUNV
RQWKHEDVLVRINQRZQZHOOHVWDEOLVKHGVWUXFWXUHV

)XUWKHUPRUH WKH FDUHIXO DQDO\VLV RI WKH (LJHQYDOXH VSHFWUXP nλ RI WKH QHWZRUN RU SUHIHUDEO\ WKH GHVLJQ RI
RUJDQL]DWLRQDOQHWZRUNVDFFRUGLQJWRVXFKDVSHFWVLVUHFRPPHQGDEOHLQRUGHUWRMXGJHWKHWHPSRUDOVWDELOLW\DQGWKH
WHQGHQF\ WR DSSURDFK XQZDQWHG RU GHVLUHG HTXLOLEULXP VFHQDULRV DQG VWDWHV1RGHZHLJKWV DQG DSSURSULDWH VWDWHV
ZRXOGSRVVLEO\EHIRUPHGHJE\

• 5DWHVRIILQDQFLDOIORZVZKHUHWKHHTXLOLEULXPLVWKHILQDOGLVWULEXWLRQRIFDSLWDO
• :HLJKWHGGHJUHHRIGHFLVLRQPDNLQJZKHUHWKHHTXLOLEULXPZLOOEHWKHGHJUHHRIUHVSRQVLELOLW\
• 0DWHULDOIORZVZRXOGEHPRGHOOHGDQGWKHHTXLOLEULXPZLOOEHWKHQHHGIRUVWRUDJHRYHUJLYHQWLPHIUDPHV
• )ORZVRIDEVWUDFWRUUHDOSURGXFWLRQIDFWRUV7KHQHTXLOLEULXPZHLJKWVUHIOHFWWKHWKHSDUWLFXODUFUHDWLRQRIYDOXH

7KHUHIRUHZHGHPDQGDSURSHUO\GHVLJQHG VWUXFWXUHRI LQWHUDFWLRQZLWKLQ DSURMHFW WREH DW OHDVW VWDEOHRQ WKH
ORQJWLPH VFDOH ,H D VWURQJO\ GRPLQDQW(LJHQYDOXH λ ZRXOG EH UHTXLUHGZKHUH WKH DVVRFLDWHG(LJHQYHFWRU V 
PLUURUVDIDLUO\ZHOOSUHIHUUHGVWDWHZKLFKZRXOGEHWKHIXQFWLRQRIWKHRUJDQL]DWLRQDVLWZDVGHVLJQHGIRU7KHQ λ
UHIOHFWV WKHVWDELOL]LQJ WLPHFRQVWDQW WRUHDFK WKLV LQWHQGHGIXQFWLRQDOLW\ZKLFKZHZDQW WREHDV ODUJHDVSRVVLEOH
VLQFHWKHFKDUDFWHULVWLFWLPHRIFRQYHUJHQFHLV   nτ λ= 

7KHWRWDOVSHFWUXP nλ EH\RQGWKDWZLOOUHYHDOWKHIXUWKHUFKDUDFWHURIWKHDQDO\]HGRUJDQL]DWLRQDOQHWZRUN$OO
(LJHQYDOXHV nλ DQG WKH DVVRFLDWHG (LJHQYHFWRUV nV UHIOHFW WKH QHWZRUNV IXWXUH EHKDYLRU 7KH SRVVLEOH VWDWHV
 (LJHQYHFWRUVVKRXOGEHSUHIHUUHGRQHVLHDWOHDVWDFFHSWDEOHVFHQDULRVDQGEHUHDFKHGZLWKLQVXIILFLHQWO\VKRUW
WLPH  n nτ λ= DVZHZRXOGOLNHWRGHVLJQFRRSHUDWLYHQHWZRUNVVKRUWWLPHVWDEOH

7KLVFDQEHHDVLO\DFFRPSOLVKHGHJE\ WKHSURSRVHGFRQVWUXFWLRQDODSSURDFKDFFRUGLQJ WR=LPPHUPDQQ(EHU
>@ZKHUHDGGLWLRQDOQRGHVFRQWUROSURFHVVHVZHUHLQWURGXFHG$WWKHILUVWJODQFHWKHVHSURFHVVHVLQFUHDVHRSWLRQV
RI FRPSOH[LW\ VLQFH WKH\ZRXOG VWURQJO\ LQWHUDFWZLWK WKH H[LVWLQJQRGHV SURGXFWLRQSURFHVVHV<HW WKH\ZRXOG
IRUFH WKH RXWFRPH RI WKH SURGXFWLRQ SURFHVVHV LQWR YHU\ VPDOO FRUULGRUV ZKLFK DUH SUHFRQGLWLRQ WR VXEVHTXHQW
SURGXFWLRQSURFHVVHV7KHUHZLWKWKHLQWHUFRQQHFWLYLW\RIWKHSURGXFWLRQQRGHVLVVWURQJO\UHGXFHGE\WKHRSHUDWLRQ
RIWKHDGGHGFRQWUROQRGHV7KHPDLQFRQVHTXHQFHZRXOGWKHUHIRUHEHWKHIDOOLQJDSDUWRIWKHPRVWFRPSOH[QHWZRUN
LQWRDVHWRIVPDOOZRUOGVFHQDULRVZKLFKDUHVXEMHFW WRRQO\YHU\IHZFOHDUO\DVVHVVDEOHVHWVRI(LJHQYHFWRUVDQG
(LJHQYDOXHVGHWHUPLQLQJWKHLUEHKDYLRU7KXVWKHFRQVWUXFWLRQRIDSSURSULDWHQHWZRUNVZLWKFOHDUO\SUHGLFWDEOHVRUW
DQGORQJWHUPVWDELOLW\DQGRXWFRPHLVSRVVLEOHDQGFDQEHSURYHQHDVLO\
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